In the current paper, a new simulation model for light-duty vehicle compression ignition diesel/biodiesel internal combustion engines is presented. Main inputs are engine (maximum power and respective engine speed, maximum torque and respective engine speed, and displacement) and vehicle characteristics (weight, aerodynamics, tires, gearbox ratio, and others). The engine simulator was called the diesel engine map builder (DEMB). The engine fuel consumption calculation is based on correlations for indicated efficiency and frictions losses using also a lower heating value of the fuel and engine specifications. HC, CO, NOx, and PM are calculated by correlations as a function of fuel consumption, load, and engine speed, derived from experimental data of a Mercedes Vaneo 1.7CDi engine, and CO2, H2O, and SO2 are calculated from a mass balance.
INTRODUCTION
Biodiesel is likely to emerge as one of potential alternative to petrodiesel fuel. In Europe, the directive (2003/30/CE) on the promotion of the use of biofuels or other renewable fuels for transport establish that biofuels must replace (at least partially) conventional petrol fuels, for use in the transport sector, by 5.75% in 2010 and 8% in 2020. The main goal of this paper is to present a model for simulation of fuel consumption and emissions of petrodiesel and biodiesel when used in road vehicles. Additionally, these fuels are compared from the point of view of composition, specifications, and utilization.
PETRODIESEL AND BIODIESEL
Biodiesel is the form in which vegetable oils and animal fat are being used as neat or blended diesel fuel. At the present time biodiesel is accepted to be the result of a process of transesterification applied to vegetable oil or less commonly seen animal fat (Knothe and Gerpen, 2005; Peterson and Reece, 1996) originating alkyl esters of fatty acids and glycerol (which is removed and is the input in other industries of drugs, cosmetic, soap, and others). It can have several vegetable origins: soybean, cottonseed, palm, peanut, rapeseed/canola, sunflower, safflower, coconut, tallow, frying oils, corn, and others. Direct use of vegetable oils in engines (Rakopoulos, 2006) causes problems due to its high viscosity, such as degradation of the fuel spray causing poor atomization, contamination of the lubricating oil, and the production of black smoke with engine deposits degrading operational performance and ultimately causing system malfunction. Vegetable oils would be preferably used to other things such as lubricants and greases for heating and power purposes. The solution used today is the transesterification process, which leads to a decrease in the viscosity, lower heating value (LHV), and density (ρ) of the vegetable oil. Transesterification is the process of exchanging the alkoxy group of an ester compound with another alcohol, usually methanol because it is the cheapest, only in Brazil it would be preferable to use ethanol. There are also other processes of transforming vegetable oils such as pyrolisis and microemulsification that were not here considered (Knothe and Gerpen, 2005; and Reece, 1996) . While doing biographical review (Akasaka et al., 1997; Knothe and Gerpen, 2005; Li and Lin, 2005; Peterson and Reece, 1996; Rakopoulos, 2006; Ramadhas et al., 2005; Usta, 2005; Usta et al., 2004) , there were encountered several comparison aspects between biodiesel or biodiesel blends and petrodiesel, which are presented in summary in Tables 1 and 2 .
Biodiesel Blends Exploration
Petrodiesel is considered a limited resource because its time cycle is large when compared with its consumption rate; on the contrary, biodiesel fuel can be considered renewable with photosynthesis (solar energy) playing a fundamental role in the absorption of CO 2 emitted from biodiesel consumption. Regarding storage and transport, blending will significantly increase the flash point, which increases safety at dealing and transporting the fuel (minor risk of hazard); also, biodegradability is increased and toxicity and oxidative stability decreases when the volume of biodiesel in a blend increases (Knothe and Gerpen, 2005) .
Storage of biodiesel and blends needs more care due to water absorption and oxidative instability. It is very important to check if biodiesel production processes and feedstocks really are environmentally friendly because some of them may not be; and if we really want sustainability, that is a point on which only detailed LCA to each biodiesel type may respond accurately. From the economical point of view, biodiesel is more expensive than petrodiesel but with the necessary political support it can be compensated with an economical gain to the countries that explore this resource. Addition of a small blend will not increase the fuel price significantly and if there is better combustion with an increase of fuel efficiency, that aspect will be offset.
Biodiesel Blends in CI Engines
Biodiesel has several advantages over petrodiesel: oxygen presence (promoting more complete combustion); higher cetane number, no sulphur at all (except if animal origin oil is used); better fuel efficiency (better indicated and mechanical efficiency due to better combustion and lubricity); and some CO 2 from a renewable source. Using neat (and high blends) biodiesel has severe disadvantages such as lower energetic value per volume and even less per mass (due to the inexistence of aromatic compounds and appreciable quantity of oxygen) that diminishes the maximum power and torque of an engine (small blending can actually increase them and oxygen can provide more complete combustion). Also, the pour and cloud points are higher (they increase dramatically with a small increase of biodiesel blending), which might be a problem at cold start-up at low temperatures, the viscosity is higher (worse atomization of fuel on injection and ultimately engine deposits), it has problems when exposed to air (having the capability of absorbing thirty times more water than petrodiesel, which brings corrosion problems), and its quality can vary much depending on several variables: feedstock quality, fatty acid composition of the formed oil, and the production process and the parameters and materials used in it. It is necessary to have political and economic support to make biodiesel competitive because of its higherpriced production. If the specifications are very well met in modern engines, no additional modification/maintenance will be necessary/obligatory. So this point is extremely important for the biodiesel blends to be effectively competitive. The new modern engines are not prepared to receive neat biodiesel, so the best option today is considered to be blending biodiesel with petrodiesel up to B20 (20% biodiesel 80% petrodiesel in volume) and try to increase performance and efficiency; this point could bring two advantages, namely, better petrodiesel efficiency and less CO 2 emissions from both fuels.
Biodiesel Blend Emissions
Emissions are strongly dependent on fuel, engine, and vehicle utilization. The measured/simulated systems can have high errors, so this is really a complex topic that implies a lot of experimental research and testing in order for accurate results can be achieved. In this case, this was a problem because of the total lack of biodiesel experimental results of light-duty vehicle engines varying with engine load and engine speed. Still, there exists in the literature qualitative and some quantitative results about the expectations of gas emissions (Knothe and Gerpen, 2005) .
There is an increase of nitrogen oxides (NO x ) when using neat or blends of biodiesel (more biodiesel in a mixture promotes more emissions) due to advanced injection timing because of the higher bulk modulus of compressibility (speed of sound), which creates a faster pressure wave (fuel pump to the injector needle) than in the petrodiesel case, and promotes a higher average combustion temperature. Also, the iodine number plays a very important role because unsaturated chained molecules tend to have even higher flame temperatures (Zeldovich mechanism) (Ban-Weiss et al., 2007) . The increases are small and in blend cases it can be considered that the air quality is not substantially changed (the smog effect is not significantly increased); indeed it is compensated by a great reduction of the other gas emissions pollutant (Knothe and Gerpen, 2005) .
Carbon monoxide (CO) and unburned hydrocarbons (HC) decrease with biodiesel use (neat or blended). This is due, in part, to the oxygen in the ester bonds, which allows more CO and fuel to be oxidized to CO 2 . Particles are also decreased due to the affect of soot reduction (more oxygen) and minor sulfur presence, but the soluble organic fraction (SOF) may increase and in many cases SOF/soot is greater in the biodiesel case (Knothe and Gerpen, 2005) .
SO 2 decreases with increase of blending because biodiesel is considered sulfur free. There is no aromatic compound in biodiesel, which is an even more favorable point concerning health problems.
In summary, almost all emissions (HC, CO, PM, and SO 2 ) decrease with increasing blending effect and only NO x might increase slightly (in some experiments with certain biodiesel blends and engines, it slightly decreases) with blending and even so increases much less than the decrease of the other emissions gases. Based on the above, biodiesel can in fact have environmental benefits. It is important to remember that all these points can vary widely with the type of fuel and engine used as well as vehicle utilization.
SOLUTIONS FOR BIODIESEL
The possibility of using ultra-low-sulfur petrodiesel opens the door to cleaner diesel because of the reduction of particles and SO 2 emissions in its combustion and because the sulfur poisoning of the after-treatment systems is avoided. However, less sulfur implies less lubricity so here biodiesel blends can have an important advantage because blending will bring lubricity to acceptable levels. To keep lubricity levels, up to 500 ppm sulfur the use of low blends of biodiesel 1-2% is mandatory and up to 15 ppm 5-6% is mandatory.
Additionally, performance and emissions improvement is possible if there exists a vehicle blend sensor that could allow better engine combustion using engine maps (fuel injection timings) adapted to such fuel blending.
With a stimulated biodiesel economy (by adding value to agricultural, job creation, etc), environmental improvement, and more independency from oil, future blending will be successively increased with diesel engine technology improvement and adaptation to this new fuel. Also, improvements in the processes of production, feedstock and crops, and even new types of feedstock can allow biodiesel to emerge more quickly.
SIMULATION MODEL
A simplified model was developed intended to predict fuel consumption and emissions of generic light-and heavy-duty CI engines using diesel or biodiesel (blends or neat). In this work, only light-duty vehicles will be considered. A simple analytical model is proposed that describes diesel fuel consumption with some accuracy, despite the presence of turbocharging, dynamic injection timing, preinjection, and other means applied to improve power density and to control engine emissions.
Fuel Model
Fuel Consumption [m f . ] is generically given by (Wu and Ross, 1997) where p i is the indicated mean effective pressure [kPa] (Heywood, 1988) 
The maximum brake mean effective pressure [p b ] is (Heywood, 1988) 
where B bmax is the maximum torque in N.m. The friction mean effective pressure (p f ) is given by (Wu and Ross, 1997) 
where c 0 = 183 and c 1 = 2.3, taken from average values of a VW 1999 1.9Tdi (Wu and Ross, 1997) . N is the engine speed (in revolutions per minute). The indicated thermal efficiency [η i ] can be estimated by (Wu and Ross, 1997) where b 0 = 2.1322, b 1 = 8.8 × 10
-5 , Ke = 0.1, and p b0 = 100 kPa, which was also based on the VW 1999 1.9Tdi (Wu and Ross, 1997) . It is important to remember that this model does not consider the degradation of indicated efficiency commonly known in the literature at very high loads due to low oxygen, but that point is not so important because light-duty vehicles rarely function beyond 2/3 of the maximum load (An and Ross, 1993) .
Torque and Power Curves Prediction
For prediction of the torque and power curves function of engine speed, the authors used maximum torque and power at respective speeds, and idle speed (N idle ). Idle speed can be estimated by (An and Ross, 1993 ) 
FIGURE 1 Maximum torque and maximum power variation with engine speed.
Quadratic polynomials are used as shown in Figure 1 . Experimental data show that in some of the models used it can be considered an idle speed torque near 60% of maximum torque that was the value considered, but even so this value can vary widely.
Biodiesel 
LHV (1 ) LHV LHV
For neat biodiesel and blends, the curve in Figure 1 must be modified, and the model here presented was based on the fact that injectors use a volumetric base for measurement of fuel injected, so the differences encountered between biodiesel, blends, and petrodiesel should be attributed to density, LHV, lubricity (not considered), and the very important contribution of the better combustion efficiency. It is important to remember that on the developing of the high pressures required in modern injection systems, the clearances between the plunger and barrel are very tight (a substantial fuel fraction leaks past the plunger) so the viscosity effect is also important and in the case of biodiesel, at very high load there can be a power gain caused by less fuel quantity leakage (Knothe and Gerpen, 2005) , but this effect was not considered in this work.
Assuming that (m . Bx ⁄ m P . ) ≈ (ρ Bx ⁄ ρ P ), we have that the quantity of injection is directly related to the density and we can obtain the maximum power relationship as
If at maximum power we have the brake thermal efficiency quotient, it is possible to obtain the maximum power relation. In several data analyzed, on average there was an increase of the effective thermal efficiency when using a certain type of better combustion efficiency methyl ester fuel. Correlating the data available, we deducted the relation presented in Figure 3 (Ramadhas et al., 2005; Usta, 2005) .
For each type of biodiesel and engine there will be a relationship η iBx /η iP in an average base, The equation presented is correlated with experimental data (Akasaka et al., 1997; Li and Lin, 2005; Ramadhas et al., 2005) in which there was noticed an increase of the indicated efficiency when blending as x increases (Fig. 4) , This relationship can vary with biodiesel type and engine, and the parameters should therefore be adjusted. In some biodiesel cases the change in indicated efficiency is not even noticed (Monyem and Gerpen, 2001) . In this case, the considered biodiesel type offers better combustion when blending increases.
Emissions Model
The emissions can vary a lot with type of fuel, engine, and its utilization; even so we present correlations that were based on the Mercedes Vaneo 1.7 CDi and then apply a correction factor when biodiesel blends are used based on scarce (normally not accounting for load and speed variation) experimental paper data (Rakopoulos, 2006; Usta, 2005) , see Table 3 .
The model was implemented in a Visual Basic interface, the diesel engine map builder (DEMB) interface (see Fig. 5 ). < 17/20*((N max -N idle /20*((N max -N idle The simulated results for fuel consumption were compared with two lightduty engines from BMW and Mercedes and the results are presented in Table 4 . It is important to say that most of the points were near the average error.
For emission validation this model was integrated in the EcoGest model (Silva et al., 2006) and several light-duty vehicles were simulated in the homologation driving cycle, the NEDC (new European driving cycle). Table 5 shows the results, which we consider satisfactory accounting for the model simplicity. 
APPLICATION OF THE DEVELOPED MODEL
The purpose of the created model is to be integrated with a road vehicle simulator and allow the prediction of fuel consumption and emissions of vehicles fed by diesel fuels. In this case the authors integrate the model with the EcoGest road vehicle simulator (Silva et al., 2006) . For the case study was considered a Citroen C5 HDi along the NEDC driving cycle (see Fig. 6 ). Data input used for the simulation are shown in Tables These results can be explained by the fact that the indicated thermal efficiency increases with blending, but mechanical efficiency at full load declines due to LHV Bx reductions. There is a point in which the power is maximum and that depends on the LHV Bx , characteristics of the engine, and the fuel (cetane number, viscosity, density, and other); in this simulation this point is around x = 0.17. Minimum fuel consumption (minimum CO 2 emission) corresponded to x = 0.05, allowing maximum autonomy caused by small decrease in LHV Bx and consider- able increase of average indicated efficiency. In Table 9 the results for petrodiesel case are presented. In Table 10 the biodiesel results are presented relative to the petrodiesel ones in Table 9 .
CONCLUSION
This present paper shows a model for simulation of fuel consumption and emissions of biodiesel and petrodiesel when used in road vehicles. Model predictions seem to be satisfactory for petrodiesel. Biodiesel (neat and blended) fuel consumption and emissions could not be confirmed experimentally, but in the future this will be one of the research aims. It is important to remember that these values can differ widely with change of engine or biodiesel origin. So in the present situation the use of the equations for biodiesel is questionable (fuel consumption and emissions). The DEMB presented maximum and minimum errors for fuel consumption of 20% and 48%, respectively, and an average error of about 1% when compared with the BMW 320D and Mercedes 1.7Cdi engines.
The DEMB combined with EcoGest were validated using 1.3 liter (automobile) to 6.8 liter (heavy-duty) engines throughout the NEDC. Results indicate that the maximum errors obtained were 12% (average 7%) for fuel consumption and for emissions errors of one order above were encountered because emissions changes due to cold start-up were not considered.
It appears to be confirmed that small blending is presently the best solution with decrease of all emissions except NO x and also reduction of fuel consumption. The methodology here presented is intended to be a first attempt to simulate biodiesel utilization. This model is very simple and in the future is expected to be fully developed. The engine developments and strong petrodiesel dependence should stimulate biodiesel utilization, and blending will be increased. In the future, NO x emissions, which were the only handicap, should not be a problem and are expected to be at least equal to petrodiesel utilization.
Countries such as Portugal, with high sun exposure and one of the highest European country temperatures, are capable of using and producing biodiesel fuel; also, viscosity and cold-start problems are diminished. 
